Natural γ-butyrolactone -(4R, 5R)-5-(4'-methyl-3'pentenyl)-4-hydroxy-5-methyl-dihydrofuran-2-one (2) was isolated as the product of microbial transformation of nerylacetone (1) by fungal strains. This product was obtained as the enantiomer (+) in high yields 24% and 61% with ee=94% and 82% by the biotransformation in the cultures of Acremonium roseum AM336 and Fusarium oxysporum AM13 respectively.
Due to the importance of γ-butyrolactone new methods for their stereo controlled synthesis are actively sought. The research presented in this report show that microbial transformation could be very interesting and valuable technique for organic chemistry for obtaining natural, active and chiral γ-butyrolactone from acyclic terpenoids like nerylacetone (1) .
Biotransformations of 1 were carried out by two fungal strains: Fusarium oxysporum AM13 and Acremonium roseum AM336. In both cases, the major product was γ-butyrolactone (2) (Figure 1 ). In the culture of Fusarium oxysporum AM13 after two days of incubation of 1 the formation of 47% of product 5-(4'-methyl-3'pentenyl)-4hydroxy-5-methyldihydro-furan-2-one (2) was observed. In the next days the amount of 1 gradually decreased whereas the amount of 2 increased proportionally ( from 160 mg of the substrate) as the (+) isomer with high enantiomeric excess ee=94% after 6 days of incubation.
In the presence of enzymatic system of A. roseum AM336 the 2 was obtained as the only product of transformation of 1. Process of biotransformation proceeded in a similar way to the transformation in the culture of F. oxysporum AM13 and after 6 days of incubation product was isolated as the (+) -enantiomer in 61% yield (99 mg from 160 mg of the substrate) with ee=82% ( Figure 3 ).
The structure of product 2 was established on the basis of its spectral data. In the 13 C NMR spectrum, 11 signals from carbon atoms, two less than in the spectrum of 1 were observed. The peak at 174.5 ppm confirmed the presence of carbonyl group. Moreover signals at 123.3 and 133.2 ppm showed that the double bound was unaffected but chemical shifts of carbon atoms C-5 (δ=89.3 ppm) and C-4 (δ=73.6 ppm) indicated on the appearance an oxygen atoms in this molecule. The IR spectrum also suggested the presence of hydroxy group (3445 cm -1 ) and γ-lactone ring (1754 cm -1 ) in the structure of obtained product. These assignments were fully confirmed by analysis 1 H NMR spectrum [α-methylene protons to carbonyl group in γ-butyrolactone at 2.51 ppm (dd, J = 18.0, 2.3 Hz) and 2.94 ppm (dd, J = 18.0, 6.1 Hz)]. The proton at the carbon atom with hydroxy group give the doublet of doublet (J = 6.1 and 2.3 Hz) at 4.19 ppm. The absence of any signals in the region 3.5 -4.5 ppm indicates the presence of to substituents at C-5. These spectral data let us to determine the structure of obtained product as 5-(4'methyl-3'pentenyl)-4-hydroxy-5-methyldihydro-furan-2one (2), which is known in the literature. This compound was isolated for the first time from natural source as the mixture of cis/trans diastereoisomers [23] . The relative stereochemistry at C-4 and C-5 was determined by the comparison of spectral data of 2 with the literature [23] . In the process of biotransformation with fungal strains F. oxysporum AM13 and A. roseum AM336 we obtained cis-5-(4'-methyl-3'pentenyl)-4-hydroxy-5-methyldihydrofuran-2-one where the hydroxy group has the same orientation as the 4 ' -methyl-3 ' -pentenyl substituent. Vituro et al. isolated diastereoisomeric γ-butyrolactones which were epimers at C-5 having (S)-configuration at C-4. In our studies microbial transformation afforded only isomer cis as (+)-enantiomer with (R)-configuration at C-4. The enantiomeric excess of product (2) was higher in the biotransformation with F. oxysporum AM13 (ee=94%) than in the A. roseum AM336 (ee=82%) culture.
Considering the process in which γ-butyrolactone (2) could be formed the highly probable is that the first step of potential pathway is Baeyer-Villiger oxidation reaction of nerylacetone (1) to ester (A) which is subsequently hydrolyzed. Alcohol (B) is then oxidized to acid (C) in which 3,4-double bound is epoxidized. Opening of epoxy ring to dihydroxy acid (E) is the next step and finally lactonization of dihydroxy acid leads to 2 (Figure 4 ). Presented pathway of the formation 2 is similar to proposed for the synthesis of isomer trans of 2 [24] . γ-Butyrolactone (2) with trans orientation of hydroxy group and 4 ' -methyl-3 ' -pentenyl group has been previously obtained from (2S, 3S)-2,3-geranyl oxide as an intermediate in the synthesis of (-)-vertinolide, a mycotoxin isolated from Verticillium intertextum [24, 25] . Compound (2) as well as its isomer trans showed in the biological tests antifungal activity against pathogenic fungus Cladosporium cucumerinum [23] .
In our studies the inhibition of the proliferation of cancer cells lines of human lung adenocarcinoma and the cells of human promyelocytic leukemia exposed either to 1 and 2 was investigated. The results of cytotoxic activity in vitro (Table 1) were expressed as an ID 50 (μg/mL) that is the concentration of compound which inhibits the proliferation of 50% of tumor cells. Screening procedure: The fungal strains were transferred from the slants to 300-mL Erlenmeyer flask containing 100 mL of medium (3% glucose, 1% aminobac in water). Pre-incubation was performed at 25˚C for 48h. After this time the portions of 1 mL of the culture solution were transferred to inoculate 300-mL flasks, each containing 100 mL of the medium. After cultivation at 25˚C for 4 days on a rotary shaker, 10 mg of substrate, dissolved in 0.5 mL of acetone was added to the grown cultures. In control experiments, the substrates were incubated in the medium without fungi. For the time-course analysis after 2, 4, 6 and 8 days 10 mL of the transformation mixture were taken out and extracted with dichloromethane. The extracts were dried over MgSO 4 and concentrated in vacuo. Residues were dissolved in 1 mL of acetone and analyzed by TLC and GC.
Preparative biotransformation:
Preparative-scale biotransformation were performed in 8 flasks (300-mL Erlenmeyer) containing 100 mL of medium and 20 mg of substrates in each flask. After 6 days of shaking the medium was saturated with NaCl and the products were extracted three times with dichloromethane after centrifugation (8000 r.p.m, 10 min) of biomass. The organic extracts were evaporated in vacuo and purified by CC (silica gel, hexane: acetone 3:1) to obtain 2.
cis-(4R,5R)-5-(4'-Methyl-pent-3'-enyl)-4-hydroxy-5methyl-dihydrofuran-2-one (2)
[α] 20 D : +25.1 (c 1.00, CHCl 3 , ee=94%). Antiproliferative assay in vitro: A549 (human lung adenocarcinoma) and HL-60 (human promyelocytic leukemia) were obtained from American Type Culture Collection (Rockville, Maryland, U.S.A.) and are being maintained in the Institute of Immunology and Experimental Therapy, Wroclaw, Poland. Both cell lines A-549 cells were cultured in RPMI 1640+Opti-MEM (1:1) (both from Gibco, Scotland, UK), HL-60 cells in RPMI 1640 medium (Gibco, Scotland, UK) supplemented with 2 mM L-glutamine and 1.0 mM sodium pyruvate, 10% fetal bovine serum (Sigma-Aldrich, Steinheim, Germany). All culture media were supplemented with 100 units/mL penicillin, and 100 µg/mL streptomycin (both from Polfa Tarchomin S.A., Warsaw, Poland). Cell lines were grown at 37°C with 5% CO 2 humidified atmosphere. Twentyfour hours before addition of the tested agents, the cells were plated in 96-well plates (Sarstedt, Germany) at a density of 10 4 cells per well in 100 μl of culture medium.
SRB assay was performed after 72 hours of exposure to varying concentrations of the tested agents (from 0.1 to 100 μg/mL) as described previously [26] . The optical densities of the samples were read on a Multiskan RC photometer. The results were calculated as the ID 50 (inhibitory does 50), the dose of tested agent, which inhibits 50% of the proliferation of the cancer cell population. ID 50 values were calculated for each experiment separately and mean values ± SD were presented in the Table 1 . Each compound at each concentration was tested in triplicate in a single experiment, which was repeated 3-5 times.
MTT assay: This technique was applied for the cytotoxicity screening against human promyelocytic leukemia cells growing in suspension culture. For the last 3-4 h of incubation, 20 µLof MTT solution was added to each well (MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; stock solution: 5 mg/mL). The mitochondria of viable cells reduce the pale yellow MTT to a navy blue formazan: the more viable cells are present in well, the more MTT will be reduced to formazan. When incubation time was completed, 80 µLof the lysing mixture was added to each well (lysing mixture: 225 mL dimethylformamide, 67.5 g sodium dodecyl sulfate and 275 mL of distilled water). After 24 h, when formazan crystals had been dissolved, the optical densities of the samples were read on a Multiskan RC photometer at 570 nm wavelength. Each compound in given concentration was tested in triplicates in each experiment.
Statistical evaluation:
One-way analysis of variance (ANOVA) followed by a Mann-Whitney U Test was applied. P-values <0.05 were considered significant.
